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4*)Meteorologisches I n s t i t u t  der U n i v e r s i t a e t  
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2>1 I n s  ti t u t  f u e r  Meteor o l o g i e  der Univers i tae t 
Postfach 3980, D-6500 Mainz, FRG 

Aerosol S i z e  D i s t r i b u t i o n  I n v e r t e d  f r o m  S p e c t r a l  Solar At tenuat ion  - 
p l u s  S c a t t e r i n g  Measurements 

The  i n v e r s i o n  technique  is  a least-square-method t o  f i t  measured 
o p t i c a l  data by o p t i c a l  data c a l c u l a t e d  from columnar aerosol s i z e  
d i s t r i b u t i o n s  v i a  M i e  theory.  S t a r t i n g  w i t h  a s i n g l e  randomly se- 
l e c t e d  co1umn)i ts  p a r t i c l e  concen t r a t ion  is  chosen t o  f i t  the mea-  
su red  d a t a  best. A t  t he  n e x t  s t e p  a second randomly selected co- 
lumn is added t o  the f irst  column and the p a r t i c l e  concen t r a t ions  
of both columns are chosen t o  f i t  the measured data best, I n  each 
of the n e x t  s t e p s  one more randomly selected column is  added or 
i t s  p a r t i c l e  c o n c e n t r a t i o n  is changed t o g e t h e r  w i t h  a j o i n t  change 
of a l l  other columns t o  improve t h e  best f i t .  The program is  n o t  
t i m e  consuming because a t  each i t e r a t i o n  s t e p  the least-square-equa- 
t i o n  is  solved a n a l y t i c a l l y .  The number of columns which are al-  
lowed t o  c o n t r i b u t e  t o  the  s i z e  d i s t r i b u t i o n l a n d  the s i z e  range of 
each column has  t o  be chosen before the i t e r a t i o n  is started,  
Tes_t-w&Q s imula ted  s p e c t r a l  d a t a  - - I - - - - - - - - - -  

Unfor tuna te ly  n o t  on ly  one columnar s i z e  d i s t r i b u t i o n  b u t  a l a r g e  
v a r i e t y  of such d i s t r i b u t i o n s  w i l l  f i t  t h e  measured data. For tes- 
t i n 9  t h e  ‘uniqueness’  of t h e  i n v e r s i o n  of s p e c t r a l  d a t a  t o  s i z e  d i s -  
t r i b u t i o n s ,  s imula ted  spectral  data have been used, c a l c u l a t e d  v ia  
X i e  theory  from given aerosol s i z e  d i s t r i b u t i o n s  ( i n c l u d i n g  f i x e d  re- 
f r a c t i v e  index) .  From these tests it has been found, tha t  the  i n -  
formation c o n t e n t  of the e x t i n c t i o n  c o e f f i c i e n t s  ( o p t i c a l  depth)  
between 0.4 p and 1.2 p m  only,  i s  i n s u f f i c i e n t  w i t h  r e s p e c t  t o  
realist ic atmospheric  aerosol s i z e  d i s t r i b u t i o n s .  But i f  the i n -  
formation c o n t e n t  of the s c a t t e r i n g  f u n c t i o n  e s p e c i a l l y  a t  smal l  
s c a t t e r i n g  a n g l e s  is  added, the i n v e r t e d  s i z e  d i s t r i b u t i o n  ag rees  
ve ry  w e l l  w i t h  the o r i g i n a l  s i z e  d i s t r i b u t i o n .  F igu res  1 and 2 
g ive  f o r  example the l i n e a r  number d i s t r i b u t i o n s  ve r sus  the par- 
t ic le  r a d i u s ,  w i t h  the s t r a i g h t  l i n e s  be ing  the  given test s i z e  
d i s t r i b u t i o n s  of the s imula ted  s p e c t r a l  data. They c o n s i s t  of ex- 
t i n c t i o n  c o e f f i c i e n t s  a t  A =  0.475, 0.605, 0.743, 0.862, 1.020, 
1 .650#m a8d ofothe B c a t t e r i n g  f u n c t i o n  a t  the s c a t t e r i n g  a n g l e s  
2O, 6 I 10 I 1 4  , 18 for  A =  0.605 P m .  The columns g ive  10 d i s t r i -  
b u t i o n s  r e s u l t i n g  f r o m  10 i n v e r s i o n s .  The 10 r e s u l t s  are obta ined  
from d i f f e r e n t  random sequences of the columns d u r i n g  the i t e r a t i o n  
procedure.  The f i g u r e s  show t h a t  the  v a r i a b i l i t y  of the i n v e r t e d  
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TS60 (W7,MSF) 

INV - 232 

Fig. 1 
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P A R T I C L E  R A D I U S  in pm 

d i s t r i b u t i o n s  is  n o t  
very  h igh ,  b u t  one 
s i n g l e  inve r s ion  w i l l  
n o t  s u f f i c i e n t l y  met 
the given s i z e  d i s t r i -  
but ion.  Only the ave- 
rages  of the r e s u l t i n g  
d i s t r i b u t i o n s  repre-  
s e n t  both given s i z e  
d i s t r i b u t i o n s  ( w i t h  
and wi thout  2 p- 
peak) very w e l l .  Th'e 
average of the r e s u l -  
t i n g  s i z e  d i s t r i b u -  

I I I I 1 
I I I I I I I I J  I I I I I h t i o n s  i s  independent  

lo f rom. the  number of in -  
ve r s ions  when a t  least  
2 0  inve r s ions  are ave- 
raged. Fu r the r ,  the 
average i s  the same 
when the least-square-  

w i t h  an a r b i t r a r y  co- 
lumn or wi th  any other 
d i s t r i b u t i o n .  "his be- 
haviour  of the inver -  
s i  on procedure j u s  ti - 
f ies the a p p l i c a t i o n  
of the m e t h o d  t o  mea-  
sured  data of s p e c t r a l  
e x t i n c t i o n  c o e f f i c i e n t s  

1 .2 5 1 2 5 

TSGM (W7, MSF)  

INV - 233 

Fig.2 i t e r a t i o n  i s  started 

PARTICLE R A D I U S  I in prn 
102 I I I I I I I I I (  I I 1 1 1 1 ,  % and s c a t t e r i n g  func- 

lo t i o n s .  1 .2 5 1 2 5 

- Sep&t&vLty  go-eyrgrg - of-th_e-sEectra& - data  - - -  
The s e n s i t i v i t y  of the r e s u l t i n g  aerosol s i z e  d i s t r i b u t i o n s  t o  mea-  
s u r i n g  errors has  been tested by in t roduc ing  errors i n t o  the simu- . 

l a t e d  s p e c t r a l  data of the two test d i s t r i b u t i o n s  presented i n  
f i g s .  1 and 2. If the simulated data of the test  d i s t r i b u t i o n s  are 
affected w i t h  s t a t i s t i c a l  errors of +, lo%, t h e  r e s u l t i n g  s i z e  d i s -  
t r i b u t i o n s  are n o t  remarkably d i f f e r e n t  f r o m  that  inve r t ed  from the 
accurate d a t a .  If the errors are higher than  + 20% the r e s u l t i n g  
s i z e  d i s t r i b u t i o n s  are wrong w i t h  some of thecolumns becoming to 
high or t o  lcw w h a t  may be i n t e r p r e t e d  as holes or peaks. 
The inve r s ion  m e t h o d  r e q u i r e s  knuwledge of the a c t u a l  va lue  of the 
real and the imaginary p a r t  of the r e f r a c t i v e  index of t h e  aerosol 
p a r t i c l e s .  An ex tens ive  test about the limits inbetween which an 
inaccuracy of the refractive index can be accepted is  n o t  v e t  made. 
But i t  can be said:  If the t r u e  r e f r a c t i v e  index of the tes t  d i s t r i -  
bu t ions  is 1.50 - 0.02.1 and tne i n v e r s i o n  is made under t h e  as- 
sumption, that the r e f r a c t i v e  index is  1.33 - O s i ,  the  r e s u l t i n g  
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on the r i g h t  s i d e s  
of the  s i z e  d i s t r i -  
b u t i o n s ,  are knuwn 
because the  trajec- 
tories of the  a i r  
masses have been 
cons t ruc t ed .  As t o  
be seen f r o m  t h e  
f i g u r e s ,  two t y p e s  
of aerosol s i z e  
d i s t r i b u t i o n s  have 

NAH been Eound, corre- 
l a t e d  t o  the  his to-  
ry  of the a i r  m a s -  
ses. The ' a r i d  Eo- 

NAH r e s t ' - t y p e  has  a 
peak a t  about  0.6 
,urn p a r t i c l e  r a d i u s  

8 AUG1971 and the ' savannah ' 
type has a peak a t  
about  0.9 pm par- 

sol s i z e  d i s t r i b u -  
t i o n s  are wi thou t  
any doubt  bimodal 

NAH d i s t r i b u t i o n s .  The 
s i m i l a r i t y  of the 
d i f f e r e n t  s i z e  d i s -  
t r i b u t i o n s  of each 
type is  - for our  
opinion - s u r p r i -  
s i n g l y  h igh .  

NAH 

191-1 t i c le  rad ius .  
NAH Both types  of aero- 

1 2 1 2 5 10 
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Comparison of Ext inct ion and Backscattering Coeff ic ients  f o r  Measured and 
Analytic S t r a tosphe r i c  Aerosol Size Di s t r ibu t ions  

Thomas J. Swissler ,  Systems and Applied Sciences, Riverside,  Maryland 20840 
Franklin S .  Harris, Jr., Old Dominion University,  Norfolk, Virginia  23508 

Theoret ical  M i e  c a l cu la t ions  f o r  e x t i n c t i o n  and backscat ter ing c o e f f i c i e n t s  
have been performed f o r  the  a n a l y t i c  s i z e  d i s t r i b u t i o n s  f o r  s t r a t o s p h e r i c  
aerosols  a t  20  km described previously by Harris and Rosen (1976). The 
computations w e r e  performed under the  assumption of s p h e r i c a l  p a r t i c l e s  and 
a s i n g l e  r e f r a c t i v e  index cha rac t e r i z ing  the  composition of the  aerosols  i n  
the  s t r a t o s p h e r i c  l aye r .  Several  r ep resen ta t ive  ind ices  were chosen f o r  
these ca l cu la t ions  and the  wavelengths considered f o r  examination w e r e  those 
associated with ruby and neodymium l i d a r  systems. The ruby laser wavelength 
of 0.6942 1 ~ m  ant4 i t s  second harmonic 0.3472 1 ~ m  as w e l l  as the  neodymium laser 
wavelength 1.06 1~m' and i ts  second harmonic 0.53 1 ~ m  were u t i l i z e d .  Simulations 
of aerosol  e x t i n c t i o n  and backscat ter ing a t  these wavelengths w e r e  performed 
f o r  use i n  the  i n t e r p r e t a t i o n  of s a t e l l i t e  measurements. The r a t i o  of aero- 
s o l  ex t inc t ion  t o  backscat ter ing may be s e n s i t i v e  t o  aerosol  s i z e  d i s t r i b u -  
t i o n  o r  t o  aerosol  composition. This study examines the  range of s e n s i t i v i -  
t ies of t he  t h e o r e t i c a l l y  calculated e x t i n c t i o n  and backscat ter ing coeff ic-  
i e n t s  f o r  s e v e r a l  proposed s t r a t o s p h e r i c  aerosol  s i z e  d i s t r i b u t i o n s  and f o r  
s e v e r a l  r e f r a c t i v e  ind ices .  

The a n a l y t i c  models used t o  descr ibe t h e  s t r a t o s p h e r i c  ae roso l  s i z e  d i s t r i -  
bution have been discussed by Harris and Rosen and these models appear repre- 
sentacive of experimental ae roso l  measurements observed during periods of 
quiescent volcanic  a c t i v i t y .  These d i s t r i b u t i o n s  are p l o t t e d  i n  Figure 1 i n  
the  form dN/dr, t he  ae roso l  number densi ty  p e r  u n i t  i n t e r v a l  of r a d i u s - r .  The 
p a r t i c l e  s i z e s  considered i n  t h i s  study ranged from 0.02 l-im t o  5.00 1 ~ m  rad ius .  
The da ta  on the experimental d i s t r i b u t i o n s  presented by Harris and Rosen indi-  
c a t e  t h a t  t he re  are very few s t r a t o s p h e r i c  aerosols  outs ide of t h i s  s i z e  
range. The power-law s i z e  d i s t r i b u t i o n  w a s  f u r t h e r  l imi t ed  t o  the  s i z e  range 
0.10 t o  0.50 w. Outside of these l i m i t s  the  predicted power-law d i s t r i b u t i o n  
is  not cons i s t en t  with the  experimental da t a .  The t o t a l  number of p a r t i c l e s  
observed between t h e  l i m i t s  r and r is  1 2 

N(rl, r z )  lr2 = n ( r )  d r  

where n ( r )  can a l s o  be described by 

n ( r >  = No g ( r )  

1 

with the normalization constant N , cons i s t en t  with the  t o t a l  number of p a r t i c l e s .  
This constant has been chosen sucg t h a t  t he  num er of par t ic les  with r a d i i  
g r e a t e r  than 0.15' ~lm i s  equal t o  1 p a r t i c l e  cm These s i z e  d i s t r i b u t i o n s  are 
used with the  M i e  t h e o r e t i c a l  s c a t t e r i n g  t e r m s  f o r  s i n g l e  p a r t i c l e  s c a t t e r i n g  
t o  def ine the  ae roso l  e x t i n c t i o n  c o e f f i c i e n t ,  B, and the ae roso l  backscat ter ing 
c o e f f i c i e n t  f(180'). 

-3 . 

B h = n N  JYr2 rzQe(2nr/h) g ( r )  d r  
O'r 

where Q = Mie e f f i c i e n c y  factok f o r  ex t inc t ion  
e 
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= wavelength (in 1~m) 
and 

f(180') = (N0/k2gr2 i(m, 2nr/h, 180') g(r> dr 

k = 2n/h 

where i(m, 2nr/h, 180') = Mie intensity function 

= complex refractive index. 

The Mie scattering terms in the above integrals were calculated using an 
increment in the size parameter x (where x = 2rcr/h) of 0.10. Values for 
the aerosol extinction coefficients as a function of wavelength indicate 
insensitivity to variation in model size distributions with the exception 
of the aged volcanic model with its high concentration of small size 
particles. There is slight variation between models for particle refractive 
index changes. Calculated values for the backscattering coefficient as a 
function of wavelength also indicate relatively little change between particle 
size distributions with a somewhat stronger dependence on particle refractive 
index. 

If the ratio is taken of the extinction and backscattering coefficients 
a quantity is defined that is independent of the normalization used for the 
particular size distribution but still dependent on the shape of the distri- 
bution. Plots of the extinction to backscattering ratio as a function of 
wavelength are presented in Figure 2 for the aerosol composed of 75 % H SO 
and 25 % H 0 and in Figure 3 f o r  aerosol having a refractive index of 1.50 
for the real part and 0.00 €or the imaginary part. Better discrimination is 
seen in these ratio plots between the particle size distributions than is 
observed in calculations for either the extinction or the backscattering 
versus wavelength. For example the log normal model is distinct from the 
aged particle model, haze H and the power-law distributions. Both the haze 
H and background models have similar results because they are similar models. 

2 4  
2 

Apparently particle composition, as shown by the effect of refractive index, 
can not easily be differentiated under any of the conditions considered in 
these calculations. However as shown in Figures 2 and 3 there is appreciable 
variation in the extinction to backscattering ratio with particle size distri- 
bution, which is also wavelength dependent. 

Reference: 

Harris, Franklin S., Jr. and James M. Rosen, (1976): Measured and analytic 
distributions of stratospheric aerosols: a review and commentary. Atmospheric 
Aerosols, -- Their Optical Properties and Effects, NASA CP-2004, pp. MA2-1 to 4 .  
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IFYBRID METEiODS ARE €ELPFUL 

H.C.van de Hulst 

Leiden Netherlands 

1 .  Introduction 

Methods t o  solve problems in radiative transfer and in multiple 

scattering exist in such a wide variety that I shall not attempt 

another review. In any practical problem the method must be chosen on 

the basis of expedience, and this in turn depends on many factors, 

such as : 

range of variables 

desired accuracy of results 

occasional or frequent computations needed 

cost, available funds 

experience and taste 

I emphasize in this talk the fact that in many situations a hybrid 

approach containing elements from different methods, though not 

elegant", is the most practical. A normal rose or fruit tree con- 

sists of different varieties skillfully grown together because the 

desired properties of roots and fruits (or flowers) are not met in 

a single variety. The following examples may illustrate such hybrid 

methods. 

11 

2. The X- and Y-functions 

Hybrid approaches already are helpful in the theoretical deri- 

vation, i.e., in the process that leads to a solution in analytical 

form. The well-known X- and Y-functions for isotropic scattering 



form a good illustration. They were introduced by Ambartsumian in 

the early forties and extensively studied by Chandrasekhar about 

1945, who defined them as solutions of certain simultaneous non- 

linear integral equations. Somewhat later I rediscovered the phy- 

sical definition as what I would now call simple examples of point- 

direction gain functions and was quite pleased to find that certain 

properties of these functions can be far more easily derived from 

these physical definitions. Since that time I do not hesitate to 

use the two approaches mixed. What happens here is that we discover 

(Fig. 1 )  that a derivation in mathematical physics is like a suburban 

train. Getting on at an intermediate stop, or getting off at an in- 

termediate stop, is equally authentic as taking the full ride and 

the gains in rapidity or in clarity may be considerable. 

not just 
“he 11 ris t ic ‘ I  

numbers solution 

Fig: 1 In a derivation in mathematical physics access 
from physical concepts to intermediate stcps, if done 
carefully, is often advisable. Likewise interpretation 
of intermediate nmerical results may be equally impor- 
tant as interpretation of final numbers. 
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Phase functions of arbitrary form, or phase matrices with po- 

larization, require a far more elaborate set of formulae, but the 

situation is basically the same : carefully preparing the access 

at intermediate stations pays 

3 .  Asymptotic fitting 

A good example of a hybr 

off well. 

d computational method is the method 

of asymptotic fitting, described elsewhere in detail. The idea is 

that by the doubl ng method we can in io  steps bridge the range of 

optical thickness b = 1/32, 1/16, 1/8, ..., 8,  16, 32, but that it 

is silly to try to carry this process to b = e 3  , which we can never 

reach. Instead, we wish to use the known asymptotic forms of the re- 

flection and transmission functions for sufficiently large b. The pro- 

cess by which the different approach (asymptotic theory) is grafted 

onto the numerical computation (doubling) is called asymptotic fitting. 

It uses the doubling results of 3 successive steps, say b = 8, 16 and 

32, and yields all desired functions and constants for a semi-infinite 

med ium . 

4 .  The corner of small losses 

In the problem of reflection and transmission by a homogeneous slab 

of scattering particles, I like to imagine the results displayed in a 

diagram of a, the albedo for single scattering, against b, the optical 

thickness of the slab. At one corner,defined by a = 1 ,  b = , the re- 

flection is complete. Small losses by escape from the bottom of the slab 

occur if b is not quite 03 . These losses are not additive and their 
combined behaviour has posed nasty problems in many papers, numerical 



WC1-4 

and analytical alike. Yet the situation is simple. Both these losses 

have the same dependence on angle of incidence and escape because they 

both occur in deep layers. They add in a way which is universal, except 

for scale factors, and which is shown in a particular example in Figure 2. 

Pig. 2 

03 0.2 0.1 0 
t = 6 a  

EIeaw curves z i v e  t h e  combined loss  = non- 

.999 1 .Y1 3 3  .95 .97 .99 
- - a  

- 
r e f l e c t e d  f r a c t i o n  o i  i nc iden t  f l u x  f o r  a f i n i t e  atmos- 
phere of thickness  b c o n s i s t i n g  of i s o t r o p i c a l l y  scatter- 
i n g  p a r t i c l e s  with s i n g l e  s c a t t e r i n s  albedo a exposed t o  
v e r t i c a l l y  inc iden t  r a d i a t i o n .  The curves  near t h e  loss- 
less corner  have a un ive r sa l  form independent of t h e  
phase funct ion.  



5. Polarization in high-order scattering 

The fine visual observations of polarization of the planer 

Venus at various phase angles published in Lyot's thesis in 1929 

have outlasted 40 years before the first tentative interpretation 

could be replaced by a more definite one. Lyot conjectured that 

polarization might be completely absent in all but first-order 

scattering. This guess is not correct. I took a practicing example 

based on Rayleigh scattering in a semi-infinite atmosphere and ra- 

diation incident under 60' from the normal and reflected back to 

the source (as for a planet in opposition). The degree of polari- 

zation is 0 per cent in the first order, 9 per cent in the second 

order, and surprisingly goes up even further to 13 and 14 per cent 

in the third and fourth orders before it settles to 2.2 per cent 

in very hizh orders. This effect also shows up as a maximum polari- 

zation of 6.1 per cent for single scattering albedo a = 0.95. The 

simplest way to collect these results is to combine data obtained 

by very different methods. 

-. . 
6 .  Photon path distributions 

The understanding of many problems, for instance, the formation 

of planetary absorption lines, is greatly aided by a clear knowledge 

of the photon path distributions. It is well known that such distribu- 

tions may be obtained by an inverse Laplace transform from the depen- 

dence of the reflection function on a (albedo for single scattering). 

This knowledge may be put to use in various ways : the inverse Laplace 

transform may be applied to any form in which the reflection function 

is known, analytic, numerical. or asymptotic. A svstematic exploration 
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of this possibility has made it possible to combine smoothly the 

results for very low orders, where ad-hoc calculations are fast, 

with those of high orders, where an asymptotic approach is more 

appropriate, An example is shown in Figure 3. 

1.2 

p(X)  

1.0 

0.5 

0 
0 1 2 3 4 5 6 7 8 

h 
Fig. 3 
back i n  v e r t i c a i  d i r e c t i o n  a f t e r  n s c a t t e r i n g  even t s  from a s l a b  
of i s o t r o p i c a l l y  s c a t t e r i n g  p a r t i c l e s  of o p t i c a l  t h i ckness  1 ex- 
posed t o  v e r t i c a i  i l l umina t ion .  The exac t  forms, know- f o r  small 
n, r a p i d l y  approach an asymptotic. theory. 

Path-length d i s t r i b u t i c n  of r a d i a t i o n  d i f f u s e l y  r e f l e c t e d  
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"BLUE MOON", 1975 

Raymond L .  Chuan 
Bruns w i c  k Corporation 
Costa Mesa, Ca l i fo rn ia  

The phenomenon of t he  blue moon, as  was observed a f t e r  the e rup t ion  of Krakatoa 
i n  1883 and the extensive f o r e s t  f i r e s  i n  Canada i n  1950, had long been thought 
t o  be r e l a t e d  t o  the anomalous e x t i n c t i o n  of l i g h t  by atmospheric ae roso l s  
dominated by those formed by these cataclysmic events.  
t h a t  c e r t a i n  physical c h a r a c t e r i s t i c s  of atmospheric ae roso l s ,  when f a l l i n g  i n  
prescribed ranges,  could lead t o  anomalous s c a t t e r i n g  and the "blue moon" phenom- 
enon. These conditions a r e ,  (1) the  geometric standard dev ia t ion  of a log- 
normally d i s t r i b u t e d  aerosol  must be 5 1 . 5 ,  (2) the imaginary p a r t  of the 
r e f r a c t i v e  index of the ae roso l  must be 50 .01 ,  and (3) the number mean radius  
of the aerosols  must l i e  i n  the range 0.4 t o  0.9 Nm. During a la rge  brush f i r e  
i n  Southern Cal i fornia  i n  November, 1975, with a r e s u l t i n g  smoke cloud over 
most of the  a i r  bas in  f o r  th ree  days, automobile headl ights  were observed t o  
be b l u i s h  ( r a the r  than reddish a s  might be expected i n  a smoke-filled atmosphere), 
e s p e c i a l l y  when viewed through the rear-view mirror  i n  a ca r  on the freeway 
(suggesting a forward-scattering mechanism a t  p l ay ) .  With the a i d  of a 10-stage 
cascade impactor capable of generating real- t ime i n - s i t u  data  on ae roso l  mass 
d i s t r i b u t i o n  by s i z e  from 0.05 t o  25 am, a number of ae roso l  s i z e  d i s t r i b u t i o n s  
were measured from a ca r  on the freeway, y i e ld ing  some i n t e r e s t i n g  r e s u l t s 2 .  

Porch, e t  a l l ,  concluded 

The dominant f e a t u r e  of these d i s t r i b u t i o n s  , obtained repeatedly over a two-day 
per iod,  was a tri-modal d i s t r i b u t i o n  with a middle mode, centered mass-wise 
about 0.9.um diameter,  d i s t i n c t l y  separated from two other modes with mass-median 
diameters of 0.12 a m  and 4.3 am. Figure 1 shows one such d i s t r i b u t i o n ,  shown a s  
d i f f e r e n t i a l  normalized mass concentrat ion versus ae roso l  diameter. By t r e a t i n g  
each of the three  a s  a separate  mode, a s  indicated by the dashed port ions of the 
curve,  t h ree  d i s t i n c t  log-normal d i s t r i b u t i o n s  can be discerned, a s  shown i n  
Figure 2. From these the r e l evan t  ae roso l  c h a r a c t e r i s t i c s  a r e  derived and shown 
i n  the t ab le  below. 

Mode dm % dg 2 dm da A C 
(urn) (g/m3) 

1 0.12 1.75 0.047 0.055 0.075 0.064 8.5 1.08 x 10-4 
2 0.94 1.40 0.67 0.71 0.79 0.75 23.4 5.25 x 10-5 
3 4.3 1.32 3.4 3.5 3.8 3.7 34.4 2.41 10-5 

dm: Mass median diameter , micrometer A :  Shape parameter, ( 2  log20g)-1 
og: Geometric standard deviat ion C: Mass concentration, g/m3 
dg: Geometric mean diameter ao: Size parameter, Trdg/h 
a: Count mean diameter A: Wavelength 
dm: Mass axlerage diameter ke: Ext inc t ion  c o e f f i c i e n t ,  m2 
da: Area average diameter ks: S c a t t e r i n g  c o e f f i c i e n t  
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Using the  computation r e s u l t s  of Fo t z i k ,  e t  a13, as presented ,.I the  Handbook 
on Aerosols by Dennis4, the e x t i n c t i o n  c o e f f i c i e n t s  and t h e  forward s c a t t e r i n g  
(10 degrees) c o e f f i c i e n t s  f o r  the three  modes have been ca l cu la t ed ,  f o r  t h ree  
wavelengths, and the r e s u l t s  are shown below: 

- 
Mode "g d A QO x ke kS 
1 1.75  0.055 8.5 0 .33  4 5 0  -0 - 0  

0.27 550 - 0  - 0  
0 .23  65 0 -0 -0 

2 1 . 4 0  0 . 7 1  23 .4  4.67 4 5 0  2 .3  x 3 . 0  10-5 
3.82 550 2 . 4  x 2.4  10-5 
3.23 650 2 . 4  x 10-4  2.0 10-5 

3 1 .32  3 . 5  3 4 . 4  2 3 . 8  4 5 0  1.4 10-5 9 . 4  x 10-6 
19.5  550 1.4 x 10-5 7 . 0  x 10-6 
16.5 650 1.4 x 10-5 5 . 8  x 10-6 

z 

It i s  seen t h a t  Mode 1 i s  l a r g e l y  below the M i e  s c a t t e r i n g  regime. Mode 2 
s a t i s f i e s  the condi t ions derived by Porch1. 
seen t o  be a dominant mechanism, the  imaginary p a r t  of the r e f r a c t i v e  index 
has  l i t t l e  inf luence.  There i s  a decrease i n  the e x t i n c t i o n  c o e f f i c i e n t  with 
decreasing wavelength; but the main inf lu'ence i n  the "blue headlight" observa- 
t i o n  appears t o  be the enhanced forward s c a t t e r i n g  with decreasing wavelength. 

Since forward s c a t t e r i n g  can be 
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A b s o r p t i o n  R e f r a c t i v e  I n d e x  of Aerosols i n  the 
Denver Po l lu t ion  Cloud i n  the  Interval .53- -69 kl 

J .  J. D e L u i s i  
NOAA/ER€-RRL, B o u l d e r ,  CO 

NCAR, B o u l d e r ,  CO 
J; E ,  Bonel l i  and C. E ,  S h e l d e n  

OVER VIEW 

w i d e h n d  s p e c t r a l  m e a s u r e m n t s  of the g l o b a l  and d i r e c t  s o l a r  f l u x  a t  the 
s u r f a c e  were o b t a i n e d  a t  the Lenver T r o u t  Farm i n  c o n j u n c t i o n  w i t h  the EPA 
Denver Brown Cloud e x p e r i m e n t  on 20-2 l .November  1973. 
a n a l y z e d  b y  a s i m p l e  v a r i a t i o n a l  t e c h n i q u e  t o  y i e l d  the i n c r e a s e  i n  the r a t e  
Qf a b s o r p t i o n  and s c a t t e r i n g  b y  the Denver p o l l u t i o n  c l o u d  when the o b s e r v e d  
o p t i c a l  d e p t h  i n c r e a s e d  by a p p r o x i m a t e l y  0.06. 
p l a  r e f r a c t i v 2  i n d e x  of t h e ’ a e r o s o l s  i s  deduced  f r o m  t h e o r e t i c a l  c a l c u l a t i o n  
da ta .  

T h e s e  m e a s u r e m e n t s  were 

The i m a g i n a r y  t e r m  of the com- 

PROCEDURE 

on 20 and 21 November 1973, o b s e r v a t i o n s  of the d i r e c t  and g l o b a l  s o l a r  
f l u x  a t  the e a r t h f s  s u r f a c e  w e r e  o b t a i n e d  n e a r  the Denver T r o u t  Farm. The d i -  

’ rect beam i s  measured normal  t o  the s o l a r  beam. T h e  g l o b a l  f l u x  i s  the sum 
. of the s k y l i g h t  r a d i a t i o n  a n d  the d i r e c t  beam i n c i d e n t  on a h o r i z o n t a l  re- 

cei ver, 

During the two-day p e r i o d  of m e a s u r e m e n t , - t h e  o p t i c a l  d e p t h  of the pollu- 
tion l a y e r  i n c r e a s e d  b y  a p p r o x i m a t e l y  0.06 f r o m  the f i r s t  t o  the second d a y .  
and the s o l a r  f l u x  r e a c h i n g  the e a r t h ’ s  s u r f a c e  d e c r e a s e d  b y  a p p r o x i m a t e l y  
4.8% o v e r  the same t i m e  i n t e r v a l .  The  measured d e c r e a s e  i n  f l u x  was a s c r i b e d  
to i n c r e a s e d  s c a t t e r i n g  and  a b s o r p t i o n  b y  a e r o s o l s  and g a s e s  in the p o l l u t e d  
boundary l a y e r .  

T h e  s o l a r  g loba l  f l u x  i m p i n g i n g  on a f l a t - p l a t e  receiver a t  the e a r t h ’ s  
s u r f a c e  i s  g i v e n  b y  P where 

where D i s  the d i r e c t  r a d i a t i Q n - g i v e n  b y  the e x p r e s s i o n  

and where ’ 

llo = cosine of the s o l a r  z e n i t h  a n g l e ;  F 

m = complex r e f r a c t i v e  index of a e r o s o l s ;  r = s u r f a c e  r e f l e c t i v i t y ,  and 

T = t o t a l  o p t i c a l  d e p t h  of the a t m o s p h e r i c  medium. 

= the i n c i d e n t  s o l a r  f l u x  
0 
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The S t e r m  i n  Eq (1) s t a n d s  f o r  the f l u x  of the d i f f u s e l y  t r a n s m i t t e d  r a d i a -  
t ion  which i n  o u r  a p p i o x i m a t i o n  i s  r a d i a t i o n  s c a t t e r e d  once downward a f t e r  
h a v i n g  been s c a t t e r e d  f r o m  the d i r e c t  beam, and b a c k - s c a t t e r e d  once downward 
a f t e r  h a v i n g  been r e f l e c t e d  b y  the e a r t h ' s  s u r f a c e .  T h e r e f o r e ,  S depends  on 
(1) s u r f a c e  r e f l e c t i v i t y ,  ( 2 )  s c a t t e r i n g  and a b s o r p t i o n  o p t i c a l  d e p t h  of aero-  
sols and g a s e s ,  ( 3 )  s o l a r  zeni th  a n g l e ,  and ( 4 )  the s o l a r  f l u x  F i n c i d e n t  a t  
the t o p  of the o p t i c a l  medium. 
i s  s u b s t a n t i a l  snow cover a s  i n  t h i s  work (rz .5) 

S u r f a c e  r e f l e c t i v i t y  i s  importan? when there 

T h e  S t e r m  can be s e p a r a t e d  in to  S and S w h i c h  a r e  the forward s c a t t e r e d  
f l u x  r e m v e d  f r o m  the d i r e c t  beam and {he dowgward b a c k - s c a t t e r e d  f l u x  (down- 
w e l l i n g )  a r i s i n g  f r o m  the f l u x  r e f l e c t e d  once b y  the s u r f a c e ,  r e s p e c t i v e l y .  

If w e  t a k e  the d e r i v a t i v e  of E q  ( I )  w i t h  r e s p e c t  t o  the o p t i c a l  d e p t h  
d' of a e r o s o l s  w e  h a v e  

W e  can e x p r e s s  Eq (u b y  a n  approx imat ion  h a v i n g  the f o r m  

- -7 / lJ -'c / Fr 
p = p F e  ''0 -I- aKVo Fo(l-e 0) -I- r ( l - a ) - K V o  FO(l--e 0) ( 4 )  0 0  

where a=0.82 ( a t  a w a v e l e n g t h  o f  0.525 2r ) i s  the f r a c t i o n  of power s c a f t e r e d  
downward and K ,  the  unknown v a r i a b l e ,  i s  the f r a c t i o n  o f  power removed f r o m  the 
i n c i d e n t  f l u x  t h a t  i s  a v a i l a b l e  for s c a t t e r i n g .  The t e r m  a i s  q u i t e  c o p p l i -  
c a t e d  f o r  a e r o s o l  s c a t t e r i n g ,  b u t  it c a n  be e s t i m a t e d  i n  a f o r m a l  way u s i n g  
Mie t h e o r y  and a known a e r o s o l  s i z e  d i s t r i b u t i o n .  

D i f f e r e n t i a t i n g  E q  ( 4 )  a c c o r d i n g  t o  E q  ( 3 ) ,  and s o l v i n g  for  K w e  have  

1 
a+ (Fa> 2- 

K =  

-' ' (for a h o r i z o n t a l  receiver)  
d where -AD = F e 0 

which i s  the change i n  power removed f r o m  the d i r e c t  beam i n  f i n i t e  d i f f e r e n c e  
form. 

EEAS URENEN TS 

Radiant  f l u x  z e a s u r e m e n t s  were made w i t h  commercial1 y a v a i l a b l e  r a d i o m e t e r s .  
The  t o t a l  f l u x  was measured u s i n g  three Epp ley  Itlode1 2 p y r a n o m e t e r s ,  one i n  e a c h  
s p e c t r a l  band of interest .  The  direct normal f l u x  was measured w i t h  a n  Epp ley  
model 15 p y r h e l i o m e t e r  equ ipped  w i t h  a three p o s i t i o n  r o t a r y  f i l t e r  holder. WG7,OGl 
2nd RG8 Schott f i l t ers  p r o v i d e d  the s p e c t r a l  r e s o l u t i o n .  T h e  pyranometer s  and 
p y r h e l i o m e t e r  w e r e  not i n t e r c a l i b r a t e d ,  nor d o  t h e y  need t o  be. 



F i g u r e  1 p r o v i d e s  a summary of the a n a l y s i s ,  f o l l o w i n g  the procedure  
d e s c r i b e d  above. 
a b s o r p t i o n  i s  t a k i n g  p l a c e  i n  the OG1 and RG8 bands .  

I t  i s  evident f r o m  the f i g u r e  t h a t  c o m p a r a t i v e l y  s t r o n g  . 

RESULTS 

T h e  work b y  Herman et al. (1975)  p r o v i d e d  u s  w i t h  a means t o  e s t i m a t e  a 
r e f r a c t i v e  i n d e x  €or the p a r t i c u l a t e  m a t e r i a l s  i n  the brown c l o u d .  
a l l  a b s o r p t i o n  i n  the OGI-RG8 band i s  due  t o  p a r t i c l e s  h a v i n g  a s i z e  d i s t r i -  
b u t i o n  approximated b y  dN/d logr  zbl-2,  where N i s  p a r t i c l e  number, 1 i s  par-  
t ic le  d i a m e t e r ,  and b i s  a c o n s t a n t .  Assuming a l s o  t h a t  the s e a l  t e r m  o f  the 
complex  r e f r a c t i v e  i n d e x  is 1.5 (Bhardwaja e t  a l . ,  1 9 7 4 ) ,  then the imaginary  
t e r m  can be deduced f r o m  functions s i m i l a r  t o  those of Herman et a l . ,  (1975):  
p e r c e n t  a b s o r p t i o n  i n c i d e n t  s o l a r  power v e r s u s  a b s o r p t i o n  r e f r a c t i v e  i n d e x  for 
a s p e c i f i e d  s o l a r  zeni th  a n g l e ,  s u r f a c e  a l b e d o  and aerosol o p t i c a l  dep th .  F o l -  
l o w i n g  th i s  procedure ,  we a r r i v e d  a t  an a p p r o x i m a t e  v a l u e  of -0.03 for  the imag- 
i n a r y  t e r m .  T h i s  v a l u e  i s  r a t h e r  l a r g e ,  b u t  i s  consistent w i t h  the s t r o n g  
a b s o r p t i o n  o c c u r r i n g  w i t h i n  the c loud .  S i m u l t a n e o u s  r a d i a t i o n  a b s o r p t i o n  b y  
m o l e c u l e s  w i l l  f i c t i t i o u s l y  i n c r e a s e  the m a g n i t u d e  of the a b s o r p t i o n  refractive 
index.  W e  believe it i s  i m p r a c t i c a l  t o  e s t i m a t e  a f i g u r e  o f  u n c e r t a i n t y  on the 
v a l u e  ( i n  v i e w  of the u n c e r t a i n t i e s  c o n n e c t e d  w i t h  the d a t a ) ,  other 
t h a n  t o  s t a t e  t h a t  i t  may be q u i t e  l a r g e ,  and t h a t  o u r  e s t i m a t e  i s  probably  
an upper l i m i t .  

W e  assumed 

Our r e f r a c t i v e  i n d e x  can be compared w i t h  the r e s u l t s  of other i n v e s t i g a -  
tions of an ur6an atmosphere.  E i d e n  (1966)  deduced a range  of -0.01, -0.1 f o r  
Mainz f r o m  p o l a r i z a t i o n  d a t a ,  and L i n  et a l , ,  (1973)  deduced v a l u e s  ranging  
f r o m  -0.028 t o  -0,05 f o r  New York C i t y  a i r ,  u s i n g  the opa l  g l a s s  t echn ique .  
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A TWO-DIMENSIONAL STRATOSPHERIC MODEL OF THE DISPEXSION OF AEROSOLS 
FROM THE FUEGO VOLCANIC ERUPTION 

E l l i s  E. Remsberg, NASA Langley Research Center, Hampton, Vi rg in ia  23665 
Carolyn F. Jones,  O l d  Dominion Universi ty ,  Norfolk, Vi rg in ia  23508 
Jae H. Park, College of ' W i l l i a m  and Mazy, Williamsburg, Vi rg in ia  23185% 

Observational da t a  of t h e  pre- and post-volcanic aerosols  have been used 
i n  conjunction with pred ic t ions  of a 2-D c i r c u l a t i o n  model t o  gain better 
understanding of t h e  t r a n s p o r t ,  chemical, and sedimentation processes f o r  
t h e  s t r a tosphe r i c  l aye r .  This paper s p e c i f i c a l l y  concerns t h e  Fuego 
erupt ions  i n  Guatemala ( 1 5 O N )  i n  October 1974. 
aerosol  mixing r a t i o  used f o r  observat ional  data i n  t h i s  paper i s  t h e  
s c a t t e r i n g  r a t i o ,  Rs = 1 + f a / f m ,  where fa and f m  are t h e  aerosol  
and molecular backsca t te r ing  funct ions,  respec t ive ly .  The f values  
are products of t h e  spec ies  c ros s  sec t ion  and number dens i ty .  Figure 1 
shows two Rs p r o f i l e s  obtained by l idar a t  Hampton, Virginia .  The p l o t  
f o r  January 2, 1975, represents  an enhanced aerosol  l a y e r  due t o  Fuego 
volcanic a c t i v i t y .  The February 19, 1976, p r o f i l e  resembles a near- 
background aerosol  l e v e l  and shows t h e  deple t ion  of t h e  January 2 l a y e r  
over 1 3  months (ref.  I). Any Rs value g r e a t e r  than one represents  
backscat ter ing from aerosols .  If t h e  aerosol  c ros s  sec t ion  i s  constant  
with he ight ,  t h e  s c a t t e r i n g  r a t i o  p r o f i l e  i s  a d i r e c t  measure of aerosol  
number dens i ty  . 
The aerosol  d i s t r i b u t i o n  i s  predic ted  by t h e  model i n  t h e  form of 
X ( t >  = X ( t o )  + (dx/dt)At 
r a t i o  i s  defined by 
x i s  t h e  aerosol  mixing r a t i o ,  (ax /8 t )c ,  i s  t h e  chemical term, 

(ax/%),, i s  t h e  aerosol  growth term, ( a x / a t ) t r  i s  t h e  t r anspor t  term, 
and (aX/at)sed i s  t h e  sedimentation t e r m .  The numerical i n t eg ra t ion  
i s  performed from i n i t i a l  t i m e ,  to, t o  f i n a l  t ime,  t ,  at  i n t e r v a l s  
of A t .  Since t h e  gas-to-aerosol chemistry i s  not wel l  understood, t h e  
modeling attempt i n  t h i s  paper does not consider t h e  t e r m  
Also, because t h e  processes of aerosol  growth are only understood 
q u a l i t a t i v e l y  ( ref ,  2), they  have not been incorporated i n t o  t h e  model 
ca l cu la t ions  at  t h i s  t i m e .  

The dynamical model developed by Louis (ref.  3 )  includes advection by 
t h e  mean meridional c i r c u l a t i o n  and d i f fus ion  by large-scale  eddies .  
The model extends from 0 t o  50 km i n  a l t i t u d e  with a g r i d  spacing of 
1 km, and from 90°N t o  90°S with a g r i d  spacing of 5 O .  
presented i n  t h i s  paper, t h e  c i r c u l a t i o n  has been spec i f i ed  by monthly 
mean winds and eddy d i f fus ion  parameters der ived from Louis' Model 11. 
Mean winds f o r  t h e  winter  season are shown i n  figure 2. Louis' model 
has successfu l ly  approximated t h e  d i s t r i b u t i o n  of r ad ioac t ive  deb r i s  i n  
t h e  s t ra tosphere .  I n  p a r t i c u l a r ,  t h e  ana lys i s  of a volcanic  event 

A l i d a r  measure of 

where t h e  rate of  change of aerosol  mixing 

dx/dt = (ax/at) ,h  + (ax/at),, + ( ax /a t I t r  + (ax/at),,d. 

(aX/at)ch.  

For simulations 

% Jae Park i s  supported by NSF DES75-14228 f o r  t h i s  work. 
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represents  d i spers ion  from a poin t  source,  siimilar t o  t h a t  f o r  radio-  
a c t i v e  bomb debr i s .  

Hunten (ref. 4 )  has discussed t h e  importance of aerosol  sedimentation 
rates f o r  determining t h e  residence t i m e s  of volcanic  aerosol  layers. 
Aerosol f a l l  speeds f o r  var ious  aerosol  s i z e s  tabula ted  by Kasten (ref. 5 )  
f o r  p a r t i c l e  d e n s i t i e s  of 1.5 g/cm3 have been appl ied t o  an i n i t i a l  aero- 
so l  s i z e  d i s t r i b u t i o n .  An estimate of t h e  Fuego ae roso l  s i z e  d i s t r i b u t i o n  
has been adopted from t h e  1963 measurements by Mossop ( r e f .  6 )  which w e r e  
obtained 1 month after t h e  e rupt ion  of Mount Agung. The t o t a l  s i z e  d i s -  
t r i b u t i o n  has been divided i n t o  four  s i z e  ranges with mean r a d i i  of 
0.16 ym, 0.32 Um, 0.53 pm, and 0.93 ym. Di s t r ibu t ions  of mass mixing 
r a t i o s  of four  d i f f e r e n t  s i z e s  are then  ca l cu la t ed  as func t ions  of a l t i -  
tude and t i m e .  

I n i t i a l l y ,  it is  assumed t h a t  any s u b s t a n t i a l  devia t ions  between t h e  model 
results and t h e  observed aerosol  p r o f i l e s  can be accounted f o r  within 
t h e  u n c e r t a i n t i e s  i n  t h e  aerosol  sedimentation, growth r a t e s ,  and chemistry. 

High r e so lu t ion  i n f r a r e d  s a t e l l i t e  photographs ( r e l eased  by t h e  National 
Oceanic and Atmospheric Administration i n  Rockvi l le ,  Maryland) were 
employed t o  es t imate  t h e  i n i t i a l  l oca t ion  (shown as a dot i n  f i g .  2 ) ,  
s i z e ,  and d i r e c t i o n  of  t h e  dust clouds f o r  s eve ra l  days a f t e r  t h e  erupt ions 
of October 1 4  and 17, 1974. 
t o  allow f o r  some spread of t h e  cloud: Data taken by lidar at  H a w a i i  
(ref. 7 )  on October 29 w e r e  appl ied  t o  v e r i f y  t h e  i n i t i a l  v e r t i c a l  p r o f i l e  
of t h e  dust  l a y e r .  
computed by t h e  model f o r  October 29 at 20°N was  compared’with t h e  observa- 
t i o n s  (half-width of 0.8 km) at Mauna Loa Observation i n  Hawaii. The 
shapes of t h e  model p r o f i l e s  a t  a l l  l a t i t u d e s  where aerosol  had been 
t ranspor ted  i n  t h a t  10-day period were ad jus ted  t o  agree with t h e  Hawai i  
observat ions.  These adjusted p r o f i l e s  then  represent  t h e  i n i t i a l  con- 
d i t i o n s  f o r  t h e  aerosol  source. Amounts of i n j ec t ed  material were de te r -  
mined from es t imates  by’ Cadle, e t  a l .  (ref.  8 ) .  A constant  m a s s  mixing 
rctt io of 2 x was assumed f o r  t h e  model a t  a lower boundary of 1 0  km. 
Dustsonde data from Wyoming ( r e f .  9 )  support t h e  assumption t h a t  t h e  
aerosol  mixing r a t i o  i n  t h e  upper troposphere remains almost constant 
with t i m e  a f t e r  t h e  erupt ion.  

Figure 3 d isp lays  t h e  in t eg ra t ed  aerosol  mass dens i ty  between 16 and 21 km 
as a funct ion of t i m e  after t h e  erupt ion.  The s o l i d  l i n e  represents  t h e  
l i d a r  d a t a  from Hampton, Vi rg in ia  ( 3 7 O N ) .  
by summations over 1 km increments of (Ws(Z) - 1) Nm(Z)  where R s ( Z )  
i s  t h e  average s c a t t e r i n g  r a t i o  and 
dens i ty .  The quan t i ty  on t h e  o rd ina te  i s  then equivalent  t o  (aa/ffm) N a ( Z )  
where Ga and am are aerosol  and molecular c ros s  sec t ions ,  r e spec t ive ly ,  
and Na(Z)  
t o  aerosol  m a s s  dens i ty .  No attempt has been made t o  a c t u a l l y  compute 
mass d e n s i t i e s  f r o m t h e  l i d a r  data. The model r e s u l t s  i n  f i g u r e  3 a r e  
an average f o r  3 5 O N  and 40°N l a t i t u d e .  The model quan t i ty  is  a l i t t l e  

The model i s  s t a r t e d  on October 19 at 12002 

The v e r t i c a l  width of t h e  l a y e r  a t  ha l f  m a x i m u m  as 

The lidar data were obtained 

N m ( Z >  i s  t h e  molecular number 

is t h e  aerosol  number dens i ty  which i s  d i r e c t l y  proport ional  
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different from observed quantities because it does not contain the addi- 
tional effects of a time-varying size distribution as does the scattering 
ratio lidar measurements which are more sensitive to larger size particles. 
The circles in the figure are for a log-normal background type aerosol 
size distribution (ref. 10) where the mean radius is 0.0725 pm. 
triangles are for a volcanic aerosol size distribution taken from Mossop 
(ref. 6). 
sol profiles and aerosol residence times are sensitive to the sedimentation 
term, as well as the transport term. 

The peak magnitudes of the lidar and model data have been arbitrarily 
adjusted to afford a better comparison of the time rate of change of the 
aerosol column load. The time of the occurrence of the maximum aerosol 
load has been simulated very well by the model, indicating that the 
meridional transport for the first few months is reasonable. 
decay time for the integrated aerosol column density from lidar measure- 
ments (16-21 lan) after February 1975 is about 1 0  months. 
to note that longitudinal movements of aerosol clouds, displayed in the 
observational data as periodic peaks, are not simulated in the present 
zonally averaged model. 

The 

The model results in figure 3 clearly show that vertical aero- 

The l/e 

It is important 

Figure 4 shows the initial size distribution adopted from Mossop for the 
Agung eruption for 20 km and l5'N to 35OS latitude and then compares sub- 
sequent measured size distributions with those determined from the model by 
including sedimentation processes. In general, the comparison is reason- 
able. The initial size distribution employed in this model may, however, 
contain too many large particles. The sedimentation rates may be too 
rapid, which would affect the results shown in figure 3 as well. Compara- 
tive vertical profiles of mass mixing ratios will not be presented in 
this paper. 

The initial study into the dispersion of volcanic particles has shown that 
transport alone does not account for the spread to other latitudes and 
altitudes. To obtain more accurate sedimentation rates, it will be 
necessary to have more post-volcanic particle size distribution data. 
The aerosol chemistry may be of importance and should be included in 
further studies. Quantitative knowledge of aerosol growth by gas con- 
densation must also be considered. 
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ON THE VARIATION OF THE AEROSOL VOLUME 
TO LIGHT SCATTERING COEFFICIENT 

George M. Sverdrup" and Kenneth T. Whitby 

Department of Mechanical Engineering 
University of Minnesota 

*Present Address: Battel le, Columbus Laboratories 
Columbus , Ohio 

.A number of investigations have been conducted re la t ing  aerosol 
mass concentration to  the aerosol 1 i g h t  scat ter ing coeff ic ient  bsp.  ( m - l ) .  
These s tudies ,  reviewed by Charlson (1969), suggested. tha t  the r a t i o  of 
aerosol mass o r  volume to bsp was approximately a constant, and tha t  t h i s  
relationship could be used on a practical  basis t o  infer  the aerosol mass 
concentration from bsp. 

The present work examines the variation of the r a t i o ,  Kp,  of 
submicron aerosol volume, V3 - (pm3/cm3), t o  bsp. 
were acquired i n  the Cal i fornia  Aerosol Characterization Experiment (ACHEX) 
during 1972 and 1973. V3- was determined using the Minnesota Aerosol 
Analyzing System (Whitby, e t  a l .  , 1975). 
used t o  determine bsp. 

concentration, CNC (No./cm3) , determined with a condensation nuclei counter 
is shown i n  Figures 1 and 2. K ranges from 5 t o  80. Near combustion 
sources large quant i t ies  of parFicles w i t h  s izes  below the l i g h t  scat ter ing 

The experimental data 

An integrating nephelometer was 

The variation of Kp as a function of the to t a l  aerosol number 

added to  the d is t r ibu t ion  increasing V3- s ign i f icant ly  b u t  not 
iably. Thus as CNC rose, Kp became greater.  

The data f a l l  in to  groups which can be ident i f ied w i t h  general 

Fresher aerosols,  
The 

Urban 

location. Six categories a re  shown i n  Figures 1 and 2. Aged aerosols have 
values of Kp i n  the range 6 to  20 pm3/cm3 x m x 10-4. 
e.g., categories D and F, have values of Kp in the range 20 t o  80. 
two nonurban categories have values of CNC l ess  than 20,000 cm-3. 
areas n o t  influenced by strong combustion sources have concentrations 
between 20,000 and 250,000 cm-3. 

The variation of Kp was examined theoret ical ly  by modeling the 
aerosol s i ze  d is t r ibu t ion  w i t h  a composite d i s t r ibu t ion  made u p  of 3 log- 
normal functions. These components correspond t o  the nuclei ,  accumulation 
and coarse par t ic le  s i ze  d is t r ibu t ion  modes (Whitby, 1975). The variation 
of Kp was studied by computing the value of Kp from the model d i s t r ibu t ion  
using Mie theory t o  predict  bsp. 
was used. The l i g h t  scat ter ing efficiency was computed by integration over 
the nominal spectral  response of the nephelometer using a re f rac t ive  index 
of 1.50-0.02 i .  
average measured d is t r ibu t ion  from Goldstone, CA. The concentration of the 
nuclei mode was then varied i n  order t o  simulate d i f fe ren t  aerosol sources. 

A two-dimensional nephelometer geometry 

The i n i t i a l  model d i s t r ibu t ion  was the f i t  t o  the grand 
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The resulting var ia t ion of Kp is shown as  the dashed curve i n  Figure 1.  
The conclusions t o  be drawn from this work a re  

(1) The large var ia t ions i n  Kp ( i .e. ,  5 t o  80) preclude 
i ts  use as a good indicator o f  submicron aerosol 
volume o r  mass concentration. 

( 2 )  Using the pa r t i c l e  number concentration and Kp, 
aerosols can be c lass i f ied  according t o  general 
location. 

(3)  Variations i n  aerosol size d i s t r i b u t i o n s  a re  enough 
t o  account f o r  the observed variation of Kp.  
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Spectrophone I n  S i t u  Measurements of t h e  
Absorption of V i s ib l e  Light by Aerosols 

R. W. Terhune and J. E. Anderson 
Research S t a f f ,  Ford Motor Company, Dearborn, Michigan 48121 

I n  ex t inc t ion  measurements of v i s i b l e  l i g h t  by atmospheric aerosols ,  t h e  

e f f e c t s  of absorpt ion are usua l ly  masked by sca t t e r ing .  

measurements would a i d  g r e a t l y  in i n t e r p r e t i n g  ex t inc t ion  da ta  and character-  

i z i n g  aerosols .  It would a l s o  allow one t o  eva lua te  t h e  cont r ibu t ion  of vis- 

Separate absorpt ion 

i b l e  sunl ight  absorpt ion by atmospheric aerosols  t o  t h e  r a d i a t i o n  balance of 

t h e  ea r th .  

ments of t h e  o p t i c a l  p rope r t i e s  of co l l ec t ed  samples and measured p a r t i c l e  

s i z e   distribution^.^ 
Stockton r epor t  on t h e i r  recent  measurements of t h e  complex index of re f rac-  

t i o n  of aerosols  from 300 t o  700 nm. Also, Bruce and Pinnick r epor t  a t  t h i s  

Aerosol absorpt ion p rope r t i e s  are usua l ly  deduced from measure- 

I n  a paper a t  t h i s  meeting, Pa t te rson ,  Gillette and 

4 

5 

meeting some in f r a red  spectrophone i n - s i t u  aerosol  absorpt ion measurements. 

We repor t  here  i n  s i t u  measurements of t h e  absorpt ion by atmospheric 

W e  used a 1 / 2  w a t t  514.5 nm argon aerosols  i n  t h e  v i s i b l e  near 514.5 nm. 

laser beam chopped a t  4000 Hz t o  d r i v e  a spectrophone. Light absorption l ed  

t o  loca l ized  heating. The associated gas expansion i n  t h e  cav i ty  generated 

a sound wave which w a s  de tec ted  wi th  a microphone. 

I n  t h e  case of absorpt ion of l i g h t  by aerosols ,  sound generation is  

l imi ted  by t h e  rate a t  which heat  i s  t r ans fe r r ed  t o  t h e  gas. The thermal 

t i m e  constant  of t h e  p a r t i c l e s  is propor t iona l  t o  t h e  square of t h e i r  diam- 

eter.6 A t  4000 Hz, hea t  t r a n s f e r  is  e f f i c i e n t  f o r  sphe r i ca l  p a r t i c l e s  less 

than about 3 microns i n  diameter. For atmospheric measurements, it would be  

des i r ab le  t o  d e t e c t  t h e  absorpt ion in p a r t i c l e s  up t o  about 20 microns by 

operat ing a t  90 Hz o r  less. 

t i m e  constant  t o  determine t h e  absorpt ion cont r ibu t ions  from d i f f e r e n t  par- 

t icles . 

One can use t h i s  p a r t i c l e - s i z e  dependence of t h e  
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I n  order  t o  obta in  enhanced s e n s i t i v i t y ,  a resonant acous t ic  cav i ty  w a s  

used i n  t h e  spectrophone. 7 ' 8 9 9  A c y l i n d r i c a l  b ra s s  cavity,  5-cm i n  diameter 

and 15-cm long,was used i n  its lowest order c i rcumferent ia l  mode which had a 

Q of 250. The laser beam w a s  passed through t h e  cav i ty  near  one w a l l ,  enter- 

ing and leaving through 8-mm diameter holes  i n  t h e  end w a l l s .  

condenser microphone with a s e n s i t i v i t y  of 42 mV/Pa w a s  mounted f l u s h  with the 

A 1-inch B&K 

cav i ty  w a l l  on t h e  opposi te  s ide .  

t i c  s igna l  of about 1.1 Pascals  rms per m-l  absorpt ion per w a t t  of laser power 

w a s  obtained, 

Synchronous de tec t ion  w a s  used. An acous- 

An r m s  no i se  l e v e l  of about 0.01 1.1v sec -1'2 w a s  observed a f t e r  

synchronous de tec t ion .  Acoustic i s o l a t i o n  w a s  achieved by placing the cav- 

t t y  i n s i d e  th ree  sound insu la t ing  boxes, one i n s i d e  t h e  o ther .  Measurements 

were made with gas flowing a t  a rate of 2 R / m i n .  The system was ca l ib ra t ed  

by observing t h e  absorpt ion of 30 ppm NO2 i n  air  which was measured t o  be 

around 180 x m . The above numbers ind ica t e  a .system de tec t ion  l i m i t  

(S/N ' r a t i o  = 1) of 2 x m - l  i n  one second with a s i n g l e  pas s  of a one-watt 

laser.' The acous t ic  c i rcu i t  including t h e  de t ec t ion  system design has  not 

-1 

been optimized. 

Measurements with an in t eg ra t ing  n lometer ind ica ted  an ex t inc t ion  of 

around 2.5 times Rayle ighsca t te r ing  i n  the  room air .  The absorption measure- 

ments i n  t h e  room air  shown i n  t h e  f i g u r e  i n d i c a t e  an absorption of 10 m , 
probably due t o  ae roso l s  with diameters less than 3 microns. 

absorption a f t e r  f i l t e t i n g  is  about what one would expect from 3 ppb of NO2. 

-5 -1 

The r e s i d u a l  

A quick series of experiments w e r e  ca r r i ed  out  with N a C l  and N i C l  aero- 2 

s o l s  made by a s p i r a t i n g  water so lu t ions .  

smoke. The aerosols  were blown through the  cavi ty .  Sca t te r ing  measurements 

were made with an in t eg ra t ing  nephelometer sampling t h e  e x i t i n g  

Other experiments used c i g a r e t t e  

stream of 

aerosols .  The r e s u l t s  are summarized i n  t h e  t ab le .  
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w a s  used. 

probably be a s soc ia t ed  with f l u c t u a t i o n s  i n  t h e  number of p a r t i c l e s  i l lumi-  

nated by t h e  1-mm diameter laser beam i n  the  spectrophone. 

corresponds t o  an e x t i n c t i o n  c o e f f i c i e n t  due t o  absorption of 0.5 x 10 

m . The e x t i n c t i o n  c o e f f i c i e n t  due t o  Raleigh s c a t t e r i n g  i n  a i r  a t  t h i s  

A m i l l i p o r e  f i l t e r  with a 10-nm pore s i z e  

The l a r g e  f l u c t u a t i o n s  i n  t h e  s i g n a l s  with u l f i l t e r e d  a i r  can 

0.12 1~ v o l t s  

-5 - 

-2  

-5 -1 wavelength is  about 10  m . 
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Aerosol Ext inct ion Coeff ic ien ts  Relative toRayleigh Sca t te r ing  

Sca t t e r ing  Absorption Rat io  
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~ 
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250 
15 
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The N a C l  experiments demonstrate t h e  i n s e n s i t i v i t y  of t h e  spectrophone t o  

Our ana lys i s  s c a t t e r i n g  p e r  se. Here only t ransparent  aerosols  are expected. 

i nd ica t e s  t h a t  only about of t he  sca t t e red  l i g h t  would be  e f f e c t i v e  i n  

generat ing acous t ic  s i g n a l s  following absorpt ion i n  t h e  cav i ty  w a l l s .  I n  

t he  case of N i C l  , a  small amount of absorpt ion w a s  found as expectedc 2 

For the  aerosol  drawn through t h e  c i g a r e t t e , t h e  absorpt ion and scatter- 

ing w e r e  observed t o  be about equal, which one would expect f o r  an ae roso l  af 

medium t o  l a r g e  p a r t i c l e s  of o p t i c a l l y  lossy  material. For t h e  ae roso l  off 

t h e  t i p  of t h e  c i g a r e t t e , t h e  absorpt ion ismuch l a r g e r  than the  s c a t t e r i n g  

which i s  c h a r a c t e r i s t i c  of s m a l l  p a r t i c l e s  of o p t i c a l l y  lossy  materials. 

These r e s u l t s  are general ly  cons is ten t  with t h e  d i f fe rences  i n  t h e  p a r t i c l e  

size d i s t r i b u t i o n s  observedbyWhitby e l  a l .  f o r  c i g a r e t t e  aerosols  i n  t h e  

two cases. 
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THE KRAKATOA VOLCANIC TURBIDITY - 
A REASSESSMENT 

F r e d e r i c  E. Volz  
Atmospher ic O p t i c s  Branch, A i r  Force Geophysics Labora tory  

L, G. Hanscom AFB, Bedford, MA 01731 

The explos ions o f  Krakatoa vo lcano i n  August 1883 (Symons 1888) a r e  considered 
t o  have been the  s t r o n g e s t  v o l c a n i c  event i n  the  l a s t  150 years. Tremendous 
amounts o f  ash reduced the  s o l a r  r a d i a t i o n  f o r  some years. The general  e f f e c t  
o f  v o l c a n i c  dust  on c l i m a t e  i s  s t i l l  unset t led .  Nevertheless,  u s i n g  dus t  
data s i n c e  t h e  Krakatoa erup t ion ,  01 i v e r  (1976) cou ld  o b t a i n  c lose  agreement 
w i t h  observed n o r t h e r n  hemispher ic s u r f a c e  t e m p  r a t u r e  v a r i a t i o n s ,  

A g rea t  number o f  wor ldwide r e p o r t s  o f  v i s u a l  observa t ions  o f  abnormal t w i -  
l i g h t  and s k y l i g h t  phenomena due t o  t h e  Krakatoa dus t  has been summarized 
and discussed (Symons 1888, and o t h e r s ) .  There have been recent  a t tempts t o  
q u a n t i t a t i v e l y  d iscuss some aspect o f  t h e  dust  event (Deirmendj ian 1973, Dyer 
1974) bu t  measurements h i t h e r t o  n o t  considered make p o s s i b l e  a more d e t a i l e d  
and balanced account, Also, more recent  data a l l o w  t o  develop more g e n e r a l l y  
the  f a t e  o f  s t r a t o s p h e r i c  dus t  o f  a t r o p i c a l  source. 

I n  the  p e r i o d  o f  t h e  Krakatoa event (s ince  1875) s o l a r  r a d i a t i o n  was measured 
o n l y  a t  Montpel l  i e r  (42N), a t  the  French Mediterranean. Monthly averages o f  
t h e  noontime i n t e n s i t i e s  presented by Kimbal l  (1918) and used again by Dyer 
(1974) show the  g r e a t e s t  t u r b i d i t y  about 2 years a f t e r  t h e  explos ion,  
been i n t r i g u e d  by t h e  l o n g  delay and p o s s i b i l i t y  o f  l a r g e  seasonal v a r i a t i o n s ,  
I examined the  o r i g i n a l  data and came t o  t h e  f o l l o w i n g  conclus ions:  (1)  T u r b i d i t y  
a t  t h i s  sea l e v e l  l o c a l i t y  v a r i e d  g r e a t l y  so t h a t  averages o f  months w i t h  few 
measurements a r e  v e r y  quest ionable.  (2) As shown i n  F ig ,  l a ,  v o l c a n i c  aerosol  
o p t i c a l  th ickness  TA was about 0.15 d u r i n g  1884 and 0.10 i n  1886 when o t h e r  
sky phencmena were sa id  to have faded out (see Fig. IC and d ) ,  and seem to 

have been recognizable as l a t e  as 1888 and 1889 (erup t ions  by o t h e r  volcanoes 
i n  1886 and 1888 seem to have been minor) .  
v o l c a n i c  t u r b i d i t y  appears to  have been about 30"/0 l a r g e r  (Fig. l b ) .  

Having 

Comparing r a d i a t i o n  maxima only ,  

Some measurements o f  t h e  p o s i t i o n  o f  n e u t r a l  p o i n t s  o f  s k y  p o l a r i z a t i o n  i n  
Germany (Busch 1889) between l a t e  1886 and l a t e  1888 (Figs. I d  and 2). c o n f i r m  
t h a t  v o l c a n i c  t u r b i d i t y  ('A m0.02) s t i l l  was present  by e a r l y  1888. 
t h e  moon was s t i l l  v e r y  dark i n  e c l i p s e s  o f  1888 and 1889. 

Also, 

Reports f rom the  inner t r o p i c s  o f  heavy sky  haze, dim and c o l o r e d  suns even 
a t  noontime, and t h e  Bishop r i n g  have, as w e l l  known, shown t h a t  the f r e s h  
Krakatoa dus t  c l o u d  c i r c l e d  the  e a r t h  t w i c e  from eas t  to west i n  2 weeks 



time. The few r e p o r t s  o f  the  sun d isappear ing be fore  s e t t i n g  i n  s t r i a t e d  
haze o f  s t range c o l o r s  lead, based on a u r  corresponding observa t ions  i n  
heavy summer haze, t o  est imates o f  ~ ~ ~ 0 . 4 5 ,  0.60 and 1.6 (Deirmendj ian 
1973 used 0.65). 
dust  got  more even ly  d i s t r i b u t e d ,  Indeed, 2 months a f t e r  the e r u p t i o n  there  
weren ' t  any more re levan t  repo r t s  from the t r o p i c s ,  a1 though Bishop r i n g s  
and p u r p l e  l i g h t s  l a s t e d  a t  l e a s t  u n t i l  1886. 

We, there fore ,  eva lua ted  as i n  ou r  Katmai s tudy  f o r  h ighe r  l a t i t u d e  sources 
(Volz, 1975) nuc lear  deb r i s  data from sources i n  the  n e a r - t r o p i c a l  s t r a t o -  
sphere, - A s  Fig, 3 shows the steady s t a t e  v e r t i c a l  deb r i s  load  increases 
toward khe poles by more than a f a c t o r  2. This apparent paradox f o l l o w s  
from the f a c t  t h a t  the  peak m i x i n g  r a t i o  i n  the  r e l a t i v e l y  t h i n  deb r i s  layer ,  
which s l a n t s  from about 24 km i n  the  t r o p i c s  t o  14 km i n  the  A r c t i c ,  decreases 
a long t h i s  p r o f i l e  l ess  than the  a i r  dens i ty .  Indeed, the  e v a l u a t i o n  o f  s o l a r  
data o f  the Agung p e r i o d  by Dyer and Hicks (1965) suggests constant  average 
t u r b i d i t y  between 18N and 81N, and shows no tab ly  h igher  t u r b i d i t y  a t  the 
South Pole than a t  the same t ime a t  30-40s ( the  h i g h  t u r b i d i t y  de r i ved  f o r  
0-10s i s ,  a t  l e a s t  w i t h  regard t o  the Congo data, v e r y  quest ionable as a re  
the no r the rn  hemisphere minima). 

The decrease o f  m i d l a t i t u d e  (-45N) t u r b i d i t y  from grea t  t r o p i c a l  v o l c a n i c  
e rup t i ons  i s  shown i n  Fig. 4, superimposed by the year o f  e rup t ion ,  and t a k i n g  
data by Dyer (1974) i n t o  account. About 1.5 years a f t e r  the erup t ion ,  
Krakatoa t u r b i d i t y  i s  h igher  by a f a c t o r  5 than Agung t u r b i d i t y  (crude g loba l  
average), and then abates w i t h  a res idence t ime o f  about 1 , s  years, That, 
accord ing t o  l i d a r  data, the smal l  Fuego t u r b i d i t y  vanished much f a s t e r  i s  
a t t r i b u t a b l e  t o  i t s '  confinement t o  a l t i t u d e s  below 19-20 km even i n  the  
t rop i cs .  T rop ica l  t w i l i g h t  observa t ions  gave a l t i t u d e s  o f  25-35 km f o r  the  
Krakatoa cloud, and indeed e a s t e r l y  winds o f  30m/sec as de r i ved  from the  d r i f t  
o f  the  f r e s h  c loud  do no t  seem t o  normal ly  e x i s t  below about 24 km (Belmont 
and Dar t t ,  1970). 

However, these seem.to have been extreme cases be fore  the  

There a r e  more problem areas o f  the o p t i c s  o f  the  Krakatoa dust, which b r i e f l y  
w i l l  be mentioned. Thus, the i n f l uence  of heavy sky haze on t w i l i g h t  phenomena, 
no tab ly  the  p o s s i b i l i t y  t o  d e r i v e  the l a y e r  a l t i t u d e  from v i s u a l  observa t ions  
when e x t i n c t i o n  becomes dominant, deserves a t t e n t i o n .  Very i n t e r e s t i n g  i s  a l s o  
the s i t e  d i s t r i b u t i o n .  Whi le the  rad ius  de r i ved  from the g l o b a l l y  repor ted  
Bishop r i n g  i s  about 0,6pm, t h i s  s i z e  cannot - as Deirmendj ian (1973) p o i n t e d  
o u t  - have been v e r y  predominant because the sun was normal red, and n o t  green, 
a t  s e t t i n g  except e a r l y  i n  the t r o p i c s .  Otherwise, t h i s  Bishop r i n g  migh t  be 
r e l a t e d  t o  the d i f f e r e n c e  o f  the Arago n e u t r a l  p o i n t s  i n  Krakatoa and !{atma; 
t w i l i g h t s  (Fig. 2). 
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Mult ip le  S c a t t e r i n g  in  the  Sky Radiance 

by Bary de ,  E. and B u l l r i c h ,  K .  
I n s t i t u t  f u r  Meteorologie ,  Johannes Gutenberg-Univers i ta t ,  
6500 Mainz, Germany 

Mul t ip le  s c a t t e r i n g  i s  def ined  as  s c a t t e r i n g  of h i g h e r  
o rder  plus  r e f l e c t e d  r a d i a t i o n  from the  s u r f a c e  w i t h i n  
t h e  s o l a r  wave length  range. 
D i s t i n c t  ways o f  t h e  s o l u t i o n  o f  t h e  equat ion  of r a d i a t i v e  
t r a n s f e r ,  con ta in ing  the  m u l t i p l e  s c a t t e r i n g ,  make i t  p o s s i b l e  
t o  c a l c u l a t e  t h e  sky rad iance  a n d  i t s  degree o f  p o l a r i z a t i o n  
a t  any p o i n t s  i n  t h e  sky f o r  a n y  a l t i t u d e s  i n  the  atmosphere. 
T h a t  means under d i s t i n c t  assumptions based on  measurements 
of the  o p t i c a l  p r o p e r t i e s  of  - the  p a r t i c u l a t e  mat te r  i n  t h e  
atmosphere, i t  i s  p o s s i b l e  t o  compute the  upward and d o w n -  
ward  r a d i a t i v e  f l u x e s  a n d  t h e i r  divergences.  These d i v e r -  
gences can be expressed a s  hea t ing  o r  cool ing  r a t e s  r e s p e c t i v e l y  
a t  d i f f e r e n t  he igh t s  i n  t h e  atmosphere. These r e s u l t s  a r e  
of g r e a t  i n t e r e s t  f o r  t h e  energy budget of t h e  atmosphere. 

The fol lowing p i c t u r e s  g ive  examples a )  of t h e  a m o u n t s  of t he  
mul t ip l e  s c a t t e r i n g  or t h e  s c a t t e r i n g  o f  h igher  o r d e r  r e -  
s p e c t i v e l y  p a r t l y  i n  t h e  form r e l a t i v e  t o  t h e  a m o u n t  of t he  
p r i m a r y  s c a t t e r i n g .  b )  They show the  d i s t r i b u t i o n  of t he  
por t ion  o f  t h e  m u l t i p l e  s c a t t e r i n g  i n  t h e  sky. c )  They de- 
monstrate  t h e  i n f l u e n c e  o f  d i s t i n c t  o p t i c a l  p r o p e r t i e s  of 
the  p a r t i c u l a t e  m a t t e r ,  namely the aerosol  p a r t i c l e s .  
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F i g .  1 P o r t i o n s  o f  t h e  f i r s t ,  s e c o n d  a n d  t h i r d  s c a t t e r i n g  
p r o c e s s e s  o f  s k y  l i g h t .  

F i g .  2 R a t i o  o f  sky l i g h t  i n L l u d i n g  s c a t t e r i n g  o f  h i g h e r  
o r d e r  o v e r  p r i m a r y  s c a t t e r i n g  o n l y .  T t u r b i d i t y  
f a c t o r ,  m c o m p l e x  r e f r a c t i v e  i n d e x ,  w a v e l e n g t h  

A = 0.55 m i c r o n s ,  s u r f a c e  a l b e d o  A = 0, z e n i t h -  
d i s t a n c e  o f  t h e  s u n  2= 37". The c o m p u t a t e d  r e su l t s  
a r e  v a l i d  f o r  s u n  - s v e r t i c a l .  E s c h e l b a c h ,  G .  1 9 7 4 .  

F i g .  3 P e r c e n t a g e  r a t i o  o f  p r i m a r y  PS t o  t o t a l  s c a t t e r i n g  TS, 
a s  a f u n c t i o n  o f  t h e  s c a t t e r i n g  a n g l e  )" and  t h e  
w a v e l e n g t h  A, a t  t h e  s o l a r  e l e v a t i o n  of  24'. S u r f a c e  
a l b e d o  A = 0.0. No a e r o s o l  a b s o r p t i o n .  T h e  h a t c h e d  
s u r f a c e  m a r k s  t h e  d i f f e r e n c e  i n  t he  v a l u e s  o f  t h e  s u n ' s  
v e r t i c a l  a n d  t h e  s o l a r  a l m u c a n t a r .  T u r b i d i t y  f a c t o r  
T = 2 .  Ba ry  de,  E .  and  E s c h e l b a c h ,  G .  1 9 7 4 .  

F i g .  ; T h r e e  d i m e n s i o n a l  p l o t  o f  s u r f a c e  o f  e q u a l  p e r c e n t a g e  o f  
t h e  r a t i o  PS/TS. The o r t h o g o n a l  c o o r d i n a t e  s y s t e m  h a s  
t h e  a n g u l a r  d i s t a n c e  f r o m  t h e  s u n  ( 9 )  a s  x - a x i s ,  t h e  
w a v e l e n g t h  ( a )  a s  y - a x i s  and  t h e  t u r b i d i t y  f a c t o r  ( T )  
a s  z - a x i s .  S.V. means sun ' s  v e r t i c a l  . S u r f a c e  a l -bedo  
A = 0 .25 ,  complex  r e f r a c t i v e  i n d e x  m = 1 . 5 - o . o i  
Ba ry  d e ,  E .  1 9 7 3 .  
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POST DEAD=LINE PAPERS 

Key t o  Authors and Papers 

Anderson, J. E. - PD5 
Bary de, E, and K. Bullrich - PD7 

Bullrich, K. = PD7 

Chuan, Raymond L. = PD1 

DeLuisi, J. 5.  - PD2 

Jones, Carolyn F. - PD3 

Park, Jae H. - PD3 

Remsberg, E l l i s  E , ,  Carolyn F. Jones, and 
Jae H. Park - €93 

Sverdup, George M. and Kenneth T. Whitby = PD4 

Terhune, R. W. and J, E. Anderson 

Volz, Frederic E. - PD6 

Whitby, Kenneth T. - PD4 

PD5 

NASA-Langley, 1976 


